Measurements of ttH production in the H → bb channel depend in a critical way on the theoretical uncertainty associated with the irreducible QCD tt + b-jet background. We introduce a new pp → ttbb POWHEG generator in the 4F scheme based on POWHEG-BOX-RES and on OPENLOOPS for fast evaluation of the scattering amplitudes. We present predictions and uncertainties for tt + b-jet observables at the 13 TeV LHC. We also consider theoretical uncertainties related to the POWHEG matching method and to the parton shower (PS) modelling, with emphasis on g → bb splittings. In general, matching and shower uncertainties turn out to be remarkably small. This is confirmed by a consistent comparison against SHERPA+OPENLOOPS.
Introduction
At the Large Hadron Collider (LHC), searches for ttH production in the H → bb channel are plagued by a large QCD background, which is dominated by ttbb production. The availability of precise theoretical predictions for this multi-particle background process is of crucial importance for the sensitivity of ttH(bb) analyses. The process pp → ttbb is also very interesting on its own, as it provides a unique laboratory to explore the QCD dynamics of heavy-quark production and to test state-of-the-art Monte Carlo predictions in a nontrivial multi-scale environment.
As a result of its α 4 S dependence, the leading-order (LO) ttbb cross section is highly sensitive to variations of the renormalisation scale. The uncertainty corresponding to standard factor-two scale variations amounts to 70-80%, and the inclusion of next-to-leading order (NLO) QCD corrections [1, 2, 3] , where the scale dependence reduces down to 20-30%, is mandatory. In Ref. [4] it was pointed out that matching and shower effects also play an unexpectedly important role in tt + b-jet production. This is due to the fact that two hard b jets can arise from two hard jets each involving a collinear g → bb splitting. In simulations of pp → ttbb at NLO and matched to PS (NLO+PS), such configurations result from the combination of a g → bb splitting that is described at NLO accuracy through ttbb matrix elements together with a second g → bb splitting generated by the PS. The impact of this mechanism can have similar magnitude to the ttH(bb) signal, and a thorough understanding of the related matching and shower uncertainties is very important for ttH analyses.
A first assessment of NLO+PS uncertainties was presented in Ref. [5] through a tuned comparison of NLO+PS ttbb simulations in POWHEL [6, 7] , SHERPA+OPENLOOPS [4] and MAD-GRAPH5AMC@NLO [8] . On the one hand, this study has revealed significant differences between the two generators based on the MC@NLO matching method, i.e. SHERPA and MAD-GRAPH5AMC@NLO. On the other hand, in spite of the fact that SHERPA+OPENLOOPS and POWHEL implement different matching methods and different parton showers, the predictions of these two generators turned out to be quite consistent. However, due to the limitations related to the use of the five-flavour scheme in POWHEL-which have been overcome only very recently with the 4F upgrade of POWHEL [9] -the agreement between POWHEL and SHERPA+OPENLOOPS did not allow any firm conclusions to be drawn in the study of Ref. [5] .
Motivated by the above we present a new POWHEG generator for pp → ttbb in the 4F scheme in Ref. [10] . At variance with the POWHEL generator of Ref. [9] , this new POWHEG generator is implemented in the POWHEG-BOX-RES framework [11] using OPENLOOPS, which guarantees a very fast evaluation of the required 2 → 4 and 2 → 5 matrix elements, and supports top-quark decays including spin-correlation effects. Moreover, in order to guarantee a consistent resummation of QCD radiation, the separation of the so-called singular and finite parts in POWHEG-BOX, is not restricted to initial-state radiation as in Ref. [9] but is applied also to final-state radiation.
In these proceedings we briefly review some of the findings of a much more extensive and complete study in Ref. [10] , that this manuscript derives from. Specifically, we briefly discuss technical subtleties that arise when matching multi-scale processes like pp → ttbb to PS within the POWHEG framework and show a subset of our predictions for tt + b-jet observables compared to those obtained using SHERPA. We also compare against the predictions of inclusive NLO+PS tt generators.
Parton shower matched simulations for tt + b-jets
In the following we briefly review some aspects of the POWHEG method [12, 13] pertaining to the separation of radiation into singular and finite parts. We pay particular attention to issues related to the multi-scale nature of the process at hand. In particular we point out that the treatment of the recoil associated with the real emissions can induce sizeable distortions of the underlying ttbb cross section. This technical inconvenience restricts the domain of applicability of QCD factorisation in a way that can jeopardise the efficiency of event generation and can also lead to unphysical resummation effects.
The master formula for the description of NLO radiation in the POWHEG approach consists of two contributions due to splitting the real emission into singular and finite parts, respectively denoted by R s to R f . The splitting is achieved via a damping function F that fulfills F → 1 and F → 0 respectively, in the infrared and hard regions of the phase space. Only the singular contribution is used for the calculation of the Sudakov form factor for the generation of the hardest emission, and thus resummed. The default functional form of F in POWHEG-BOX [14, 15] is
It smoothly shifts the weight of real radiation from R s to R f when the hardness of the emission, k T , becomes of the order of the h damp parameter or higher.
In addition to the well-known h damp -dependent damping mechanism, POWHEG-BOX also implements a theta function of the formF(Φ) = θ (h bzd − R(Φ)/R(Φ)) 1 [16, 14] , where R corresponds to the infrared (soft and collinear) approximation of the full matrix element. By default, the cut-off parameter h bzd is set equal to 5. In this way, in the vicinity of IR singularities, where R/R → 1, radiative contributions are attributed to R s and resummed. On the contrary, when the real emission matrix element largely exceeds the IR approximation, the resummation of the full R/B kernel is not well justified, and the corresponding events are attributed to the finite remnant through the theta function. In the standard POWHEG-BOX, and in Ref. [9] , the damping functionF is applied only to initial-state radiation. However, in the present ttbb generator we have extended it to all (massless or massive) final-state emitters, that have a singular region associated with it, in order to ensure a consistent resummation of QCD radiation off b-quarks.
The requirement R(Φ) < h bzd K(Φ rad ) B(Φ B ) was originally introduced in order to avoid possible divergences of R(Φ)/B(Φ B ) due to the so-called Born zeros, i.e. phase space regions where B(Φ B ) → 0. Such divergences are not physical and cancel in theB/B ratio, but they can still lead to dramatic inefficiencies in the event generation.
In the case of pp → ttbb, such effects can arise from the interplay of soft and collinear enhancements due to NLO light-jet radiation and to the generation of the bb system in regions with m bb m ttbb and/or p T,bb m ttbb . For example, let us consider a gg → ttbbg event with a gluon emission from the initial state. Its kinematics are generated starting from a gg → ttbb Born event through a mapping that creates the required gluon recoil by boosting the final state in the transverse direction, modifying the kinematics of the bb system as well. Because the ttbb system has enough energy to absorb the recoil of gluon emissions much harder that the bb system this may lead to a very significant reduction of p T,bb . This violates the main assumption that justifies the POWHEG master formula, namely
, which requires a sufficiently hard ttbb process as compared to the k T of NLO radiation. In particular, due to
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NLO matching for ttbb production with massive b-quarks Tomáš Ježo the sensitivity of the Born amplitude to scales of the order p T,bb ∼ (E bb /E ttbb ) p T, j p T, j , the factorisation condition is not fulfilled.
Setup
The predictions in this work are obtained using the same choices for the heavy-quark masses, flavour schemes, renormalisation and factorization scales and PDFs as in Ref. [10] , which also correspond to the setup recommended in [5] . The POWHEG-BOX parameters h bzd and h damp , which control the resummation of NLO radiation, have been set to h bzd = 2 and h damp = H T /2 = 1/2 i=t,t,b,b E T,i . To account for the uncertainties associated with this choice we apply the independent variations h bzd = 2, 5, 10 and h damp = H T /4, H T /2, H T , 1.5 m t , varying both parameters one at a time. At LO+PS level we set the shower starting scale equal to H T /2 and vary it up and down by a factor of two in order to assess the related uncertainty. At NLO+PS, the shower starting scale is dictated by the kinematics of real emission matrix elements in the POWHEG method.
In order to assess uncertainties due to the parton-shower modelling of g → bb splittings we vary the parameter TimeShower:weightGluonToQuark, which permits one to select out of various forms of the g → QQ splitting kernel in PYTHIA8 8, considering the options 2 and 4 [17] . In addition to the functional form of the heavy-quark splitting kernel we also vary the scale of α S in the parton shower. To this end, we set TimeShower:weightGluonToQuark to 6 and 8, which corresponds to the options 2 and 4 with α S (p 2 T ) replaced by α S (m 2 bb ) in the heavy-quark splitting kernel. Moreover, using TimeShower:renormMultFac, we vary α S (p 2 T ) → α S (ξ p 2 T ) with prefactors ξ = 0.1, 1, 10. This latter variation is applied to all final-state QCD splittings, i.e. also splittings of type g → gg, q → qg, etc.
For the reconstruction of jets we use the anti-k T [18] algorithm with R = 0.4. We select jets that fulfil p T > 25 GeV and |η| < 2.5 both for the case of light jets and b-jets. At parton level, we define as b-jet a jet that contains at least a b-quark, such that jets that contain a bb pair arising from a collinear g → bb splitting are also tagged as b-jets.
We categorise events according to the number N b of b-jets that do not arise from top decays and fulfil the acceptance cuts. For the analysis of cross sections and distributions we consider an inclusive selection with N b ≥ 1 and a more exclusive one with N b ≥ 2. We refer to them as ttb and ttbb selections, respectively.
Results
In Fig. 1 we compare tt + b-jet predictions based on POWHEG+PYTHIA8 and SHERPA. This comparison is done both for (N)LO+PS pp → ttbb generators in the 4F scheme and for corresponding generators of inclusive tt production in the 5F scheme 2 .
Input parameters, QCD scales and matching parameters are chosen as coherently as possible across all generators. In particular, the parameter h damp = H T /2 in POWHEG is identified with the resummation scale µ Q in the SMC@NLO framework of SHERPA. Instead, for what concerns the parton showers we simply use standard settings, i.e. we do not try to improve the agreement between generators by tuning the PYTHIA8 and SHERPA showers.
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NLO matching for ttbb production with massive b-quarks Tomáš Ježo Figure 1 : Predictions for pp → tt +b-jets at √ s = 13 TeV: distributions in the inclusive number of additional b-jets (a), the first light jet (b) with ttbb cuts, and in the invariant mass (c) with ttbb cuts. The various ratio plots compare tt + b-jet observables as described in LO+PS (blue) and NLO+PS (red) simulations based on pp → ttbb or pp → tt matrix elements in POWHEG+PYTHIA8 or SHERPA. In the ratios shown in the upper and middle frame POWHEG predictions are normalised to SHERPA ones for the case of pp → ttbb and pp → tt simulations, respectively. The third frame displays the ratio of tt to ttbb POWHEG predictions. For all ratios the numerator and denominator are evaluated at the same order, and uncertainties are applied only to the numerator. They correspond to the combination in quadrature of h damp and h bzd variations with the uncertainties due to the modelling of g → bb splittings and the choice of α S and the shower starting scale in PYTHIA8.
The ratios in the upper frames show POWHEG pp → ttbb predictions normalised to corresponding SHERPA predictions at LO+PS and NLO+PS accuracy. The bands describe the combination in quadrature of all matching and shower uncertainties in POWHEG+PYTHIA8 (referred to shower uncertainties in the following), while only nominal SHERPA predictions are considered in the ratios. At LO+PS, for observables that are inclusive with respect to jet radiation we find deviations between 10-40% and comparably large shower uncertainties. In contrast, in the jet-p T distributions the predictions of PYTHIA8 are far above the ones of SHERPA, with differences that can reach a factor 2.5 in the tails. These differences are perfectly consistent with LO+PS shower uncertainties, which are dominated by variations of the PYTHIA8 starting scale.
Moving to NLO+PS reduces the direct dependence on the PS. At the same time, differences between the POWHEG and SMC@NLO matching methods come into play. In practice, at NLO+PS we observe a drastic reduction of shower uncertainties, especially in the light-jet p T -distribution. Also the differences between POWHEG and SHERPA become very small at NLO+PS. The ttb and ttbb cross sections agree at the percent level, and differential b-jet observables deviate by more than 5% only in the tail of the m b 1 b 2 distribution. Even the light-jet spectra in the ttbb phase space deviate by less than 10-20% up to high p T , in spite of the limited formal accuracy (LO+PS) of such observables. In the light of these results, NLO+PS theoretical uncertainties related to the matching scheme and the PS seem to be well under control in pp → ttbb and are clearly subleading as compared to QCD scale uncertainties shown on Figs. 7 and 8 in Ref. [10] .
In the central frames we compare (N)LO+PS generators of inclusive tt production based on POWHEG+PYTHIA8 and SHERPA. In this case, the g → bb final-state splittings that give rise to
NLO matching for ttbb production with massive b-quarks Tomáš Ježo tt + b-jet signatures are entirely controlled by the PS. At LO+PS, the parent gluon that splits into bb is also generated by the PS. Nevertheless, the ttb and ttbb LO+PS cross sections predicted by POWHEG and SHERPA deviate by less than 30%-40%. Instead, as expected, the shapes of tt + bjet observables vary very strongly, and in all considered light-jet and b-jet distributions PYTHIA8 results exceed SHERPA ones by a factor of two and even more. This excess is well consistent with the estimated LO+PS shower uncertainties. At NLO+PS, only g → bb splittings are controlled by the PS, while the emission of their parent gluon is dictated by LO matrix elements. Consequently, we observe a drastic reduction of shower uncertainties as compared to LO+PS. The differences between POWHEG and SHERPA are also largely reduced at NLO, nevertheless they remain quite significant in various distributions.
To provide a more complete picture of the uncertainties of inclusive tt simulations, in the lower frames we compare POWHEG+PYTHIA8 generators of inclusive tt production and ttbb production. Shower uncertainties are shown only for the tt generator. At LO+PS, the tt generator is strongly sensitive to the modelling of pp → ttg through initial-state gluon radiation in PYTHIA8. As a result, the tt generator overestimates the ttb and ttbb cross sections by about 90% and 50%, respectively. This excess is strongly sensitive to the shower starting scale, and in the p T -distributions it is confined to the regions below 100-200 GeV, while the tails are strongly suppressed. Also the m b 1 b 2 distribution features a strong shape difference as compared to LO+PS ttbb predictions.
Such differences decrease significantly at NLO+PS. The ttb and ttbb cross sections predicted by the tt generator overshoot ttbb results by only 15-20%, and b-jet observables also feature an improved agreement with ttbb predictions. Nevertheless, in b-jet observables we find quite significant shape differences, especially for the m b 1 b 2 distribution, and shower uncertainties remain far above the ones of the ttbb generator (see upper frame). As for the light-jet spectra, tt predictions turn out to lie above ttbb ones by about a factor of two in the tails.
Summary
Searches for ttH production in the H → bb channel call for a precise theoretical description of the irreducible QCD tt + b-jet background. We have presented a new pp → ttbb POWHEG generator in the 4F scheme based on OPENLOOPS and POWHEG-BOX-RES, the latter requiring a gentle modification in order to overcome subtle technical issues that arise in matching multi-scale processes to PS using the POWHEG method. At NLO+PS, the matching uncertainties due to h damp and h bzd and shower uncertainties due to the modelling of g → bb and the choice of α S in PYTHIA8 turn out to be rather small and clearly subleading with respect to QCD scale variations. We find that with the help of parton-shower tuning, the inclusive NLO+PS tt generators may potentially be amenable to a reasonable description of inclusive tt + b-jet observables. However, it should be clear that NLO+PS ttbb generators are mandatory in order to achieve an acceptable level of shower systematics.
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